Four nocardioform bacterial strains isolated from clinical respiratory sources were characterized using a polyphasic taxonomic approach. On the basis of 16S rRNA gene sequence analyses, these strains were found to be 100 % similar to each other and were shown to belong to the genus Nocardia. Chemotaxonomic data [major menaquinone: v-cyclic isoprene side chain MK-8(H 4cycl ); major polar lipids: diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and phosphatidylinositol mannosides; major fatty acids: monounsaturated fatty acids with a considerable amount of tuberculostearic acid; and mycolic acids (52-62 carbon atoms)] were consistent with the assignment of the novel strains to the genus Nocardia. Comparative phylogenetic analysis of the 16S rRNA gene sequences showed that the novel strains were related to Nocardia cerradoensis DSM 44546 T (99.8 %) and Nocardia aobensis JCM 12352 T (99.6 %). Analysis of gyrB gene sequences showed these strains were related to N. aobensis (96.6 %) and to N. cerradoensis (96.3 %). The results suggest that gyrB gene sequencing is a more powerful tool than 16S rRNA gene sequencing for taxonomic identification within the genus Nocardia. DNA-DNA hybridization and physiological and biochemical tests supported the genotypic and phenotypic differentiation of the novel strains from related species. These data indicated that the new strains represent a novel species within the genus Nocardia, for which the name Nocardia mikamii sp. nov. is proposed, with strain W8061 T (5DSM 45174 T 5JCM 15508 T ) as the type strain.
Members of the genus Nocardia, established in 1889 by Trevisan, have generally been obtained from environmental and clinical sources. At the time of writing, the genus Nocardia encompassed 76 recognized species (www.bacterio. cict.fr). Nocardiae are opportunistic pathogens in people whose host defences have been compromised (Conville et al., 2008) . The spectrum of diseases associated with Nocardia infections is extensive and includes pulmonary disease, disseminated infections and cutaneous infections.
From 2001 to 2007, four clinical respiratory isolates (W7467, W7811, W8061 T and W9013), isolated from patients in the USA, were sent to the Special Bacteriology Reference Laboratory (SBRL) at the Centers for Disease Control and Prevention (CDC), Atlanta, GA, USA. In the present study, the taxonomic status of these isolates was studied using a polyphasic approach. On the basis of the results of the phenotypic, chemotaxonomic and genotypic data reported here, the isolates were assigned to a novel species of the genus Nocardia.
To study the morphology of the organisms, the novel strains were grown on heart infusion agar supplemented with 5 % (v/v) rabbit blood (Brown-Elliott et al., 2006) for 7 days at 35 uC. On this medium, the aerial hyphae of the colonies were abundant and white. On Middlebrook 7H11 agar, the colonies were orange after 14 days incubation at 35 u C. The reverse side of the colonies was a lighter orange on Middlebrook 7H11 agar. The organisms were aerobic, Gram-positive, filamentous and weakly acid-fast with the modified acid-fast stain. Phenotypic characteristics were determined using previously described methods (Berd, 1973; Conville et al., 2008; Conville & Witebsky, 2007; Yassin et al., 1995) : assimilation of carbon sources and assimilation of carbon sources with acid production (Berd, 1973) ; assimilation of citrate (Yassin et al., 1995) and hydrolysis of acetamide, arylsulfatase production and nitrate reduction (Conville & Witebsky, 2007) .
Phenotypic properties useful in differentiating strains W7467, W7811, W8061 T and W9013 and the type strains of phylogenetically related species of the genus Nocardia are presented in Table 1 . Strain W8061 T was selected as the representative strain of the four isolates for some of the analyses.
Antimicrobial susceptibility testing was performed using panels from PML Microbiologicals, Inc. according to Clinical and Laboratory Standards Institute (CLSI) methods as described previously using breakpoints recommended by the CLSI for nocardiae and other aerobic actinomycetes (NCCLS, 2003) . Antimicrobial susceptibility results indicated that all four isolates were susceptible to amikacin, clarithromycin and imipenem. The strains studied showed variable susceptibility to amoxicillin/ clavulanate, ceftriaxone, ciprofloxacin, linezolid, minocycline and trimethoprim/sulfamethoxazole. The results of the antimicrobial susceptibility testing are presented in Supplementary Table S1 (available in IJSEM Online).
Fatty acids were determined from cells grown for 3 days on trypticase soy broth agar at 35 u C. Fatty acid methyl esters and mycolic acid trimethylsilyl esters were prepared from freeze-dried biomass (approx. 40 mg) using the method of Klatte et al. (1994) . The fatty acids were separated using the Microbial Identification System (MIDI Inc.) as described previously (Sasser, 1990) . Whole cell-wall sugars and cellwall amino acids were analysed using the methods of Staneck & Roberts (1974) . Isoprenoid quinones and polar lipids were extracted and purified using the small-scale integrated procedure (Minnikin et al., 1984) . Isoprenoid quinone analysis was performed by HPLC as described previously (Kroppenstedt, 1982 (Kroppenstedt, , 1985 . Polar lipids Table 1 . Differential phenotypic characteristics of strains W7467, W7811, W8061 T , W9013 and phylogenetically related type strains Strains: 1, W7467; 2, W7811; 3, W8061 T ; 4, W9013; 5, N. aobensis DSM 44805 T ; 6, N. cerradoensis DSM 44546 T ; 7, N. kruczakiae DSM 44877 T ; 8, N. veterana DSM 44445 T . All strains assimilated carbon sources and assimilated carbon sources with acid production with D-glucose but did not assimilate or assimilate with acid production adonitol, i-erythritol, i-myo-inositol, lactose, D-mannitol, raffinose, sucrose or xylose. All strains grew at 25 and 35 u C and grew in lysozyme broth but were not able to hydrolyse adenine, hypoxanthine, L-tyrosine or xanthine. 2, Negative; +, positive.
Characteristic 1 2 3 4 5 6 7 8
Assimilation of (and acid production from) carbon sources: extracted by the method of Minnikin et al. (1977) were identified by two-dimensional TLC.
The chemotaxonomic properties of the strains were consistent with their classification in the genus Nocardia (Kämpfer et al., 2004) . Whole cell hydrolysates of strain W8061 T contained meso-diaminopimelic acid as the only diamino acid of the peptidoglycan and arabinose plus galactose as major cell-wall sugars (cell-wall chemotype IV according to Lechevalier & Lechevalier, 1970) . MK-8 (H 4cycl ) was the major menaquinone of this strain. The phospholipids were composed of diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and phosphatidylinositol mannosides. This pattern matched quite well with those reported by Minnikin et al. (1977) for the genus Nocardia. The fatty acid patterns of strains W7811, W7467, W8061 T and W9013 were composed of straight chain saturated and unsaturated fatty acids plus tuberculostearic acid (see Supplementary Table S2 in IJSEM Online). The major fatty acids of strain W8061 T were palmitic acid (C 16 : 0 ; 40.6 %), oleic acid (C 18 : 1 v9c; 19.7 %), tuberculostearic acid (C 18 : 0 10-CH 3 ; 13.1 %), palmitoleic acid (C 16 : 1 v9c; 11.4 %) and stearic acid (C 18 : 0 ; 8.4 %). A homologous series of mainly mono-and di-unsaturated mycolic acids was synthesized by strain W8061 T , ranging from 52 to 62 carbon atoms with C54, C56 and C58 being the three principal mycolic acids. This chain length was in the range of the mycolic acids expected for species of the genus Nocardia C50-C62 (Klatte et al., 1994; Baba et al., 1997) .
Genomic DNA extraction, PCR-mediated amplification of the 16S rRNA gene and purification of the PCR products were performed using the protocol described previously by Morey et al. (2006) except for the modification of primers, FL1 59-CCGAATTCGTCGACA and RL1 59-CCCGGGAT-CCAAGCT. After amplification, the products were purified with a QIAquick 8 PCR Purification kit (Qiagen Sciences). Cycle sequencing was performed using standard procedures with 16S rRNA gene primers (Morey et al., 2006) . Related sequences were identified in the GenBank database using BLAST software (nucleotide-nucleotide BLAST: http:// www.ncbi.nlm.nih.gov/BLAST). A phylogenetic dendrogram was inferred using the neighbour-joining method (Saitou & Nei, 1987; Tamura et al., 2007) (Fig. 1) . The four novel strains, W7467, W7811, W8061 T and W9013, were 100 % similar when analysed by 16S rRNA gene sequencing (Fig. 1) .
Extraction of DNA, amplification of a~1245 bp gyrase B gene (gyrB) fragment, primers and sequencing were conducted as described previously by Shen et al. (2006) . Phylogenetic assessment was performed using MEGA4 software with bootstrap percentages based on 1000 replicates as previously described (Tamura et al., 2007) . The neighbour-joining tree of the gyrB gene sequences showed that strain W8061 (Fig. 2) . The four novel strains showed gyrB sequence similarity values of .99.9 % among each other and of ,97.0 % with the other type strains (Fig. 2) .
Genomic DNA was isolated using a French pressure cell (Thermo Spectronic) and was purified by chromatography on hydroxyapatite as described by Cashion et al. (1977) . DNA-DNA hybridization studies between strain W8061 T and N. aobensis DSM 44805 T , N. cerradoensis DSM 44546 T , N. kruczakiae DSM 44877 T and N. veterana DSM 44445 T were performed in duplicate as described previously by Kallimanis et al. (2009) . Genomic DNA for G+C content determination was analysed by HPLC using the method of Mesbah et al. (1989) . The results of the DNA-DNA hybridization studies of strain W8061 T showed 33±3.7 % DNA relatedness to N. aobensis DSM 44805 T , 55±1.6 % relatedness to N. cerradoensis DSM 44546 T , 8±2.2 % relatedness to N. kruczakiae DSM 44877 T and 11±1.3 % relatedness to N. veterana DSM 44445 T . The DNA-DNA relatedness between strain W8061 T and strains W7467, Fig. 1 . Neighbour-joining phylogenetic tree based on the 1439 bp 16S rRNA gene sequences of strains W8061 T , W7811, W7467 and W9013 within the genus Nocardia. Numbers at nodes denote bootstrap percentages (based on 1000 replicates). Bar, 0.005 substitutions per nucleotide position. The full tree from which this figure was taken is available as Supplementary Fig. S1 in IJSEM Online.
W9013 and W7811 was 100 % relative binding ratio (RBR) with a divergence (D) of 0.0 %, 95 % RBR (D 1.0 %) and 82 % (D 1.0 %), respectively (as determined at SBRL at the CDC by the method of Brenner et al., 1982) . The G+C content of the DNA of strain W8061 T was 68.3 mol%.
The results of polyphasic taxonomic investigations showed that strains W8061 T , W7467, W7811 and W9013 represent a novel species of Nocardia. Phenotypically, the novel strains clearly differed from all type strains of recognized members of the genus Nocardia (Table 1) . The novel strains could be differentiated from N. cerradoensis by the assimilation as a carbon source of L-arabinose, dulcitol, maltose, mannose, L-rhamnose and D-sorbitol and the assimilation as carbon source with acid production of Lrhamnose. They could be differentiated from N. aobensis by their inability to hydrolyse acetamide and by growth at 45 u C (Table 1 ). Significant quantitative differences were found in the fatty acids for the type and reference strains (see Supplementary Table S2 in IJSEM Online) and in the mycolic acid distribution compared with other species of the genus Nocardia (Baba et al., 1997) . The results obtained in this study confirm the utility of the multigenic approach (16S rRNA and gyrB gene sequencing) for the description and recognition of novel species of the genus Nocardia. We propose that the new strains represent a novel species in the genus Nocardia, for which the name Nocardia mikamii sp. nov. is proposed. Lechevalier & Lechevalier, 1970) . The predominant menaquinone is MK-8(H 4cycl ). The polar lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and phosphatidylinositol mannosides. The major fatty acids of the type strain are composed of palmitic acid (C 16 : 0 ), oleic acid (C 18 : 1 v9c), tuberculostearic acid (C 18 : 0 10-CH 3 ), palmitoleic acid (C 16 : 1 v9c), and stearic acid (C 18 : 0 ). The principal mycolic acids are mono-and di-unsaturated and have a chain length of 54, 56 and 58 carbon atoms.
Description of
The type strain, W8061 T (5DSM 45174 T 5JCM 15508 T ), was isolated from sputum. The G+C content of the DNA of the type strain is 68.3 mol%. Fig. 2 . Neighbour-joining phylogenetic tree based on 1245 bp gyrB gene sequences of strains W8061 T , W7811, W7467 and W9013 within the genus Nocardia. Numbers at nodes denote bootstrap percentages (based on 1000 replicates). Bar, 0.01 substitutions per nucleotide position. The full tree from which this figure was taken is available as Supplementary Fig. S2 in IJSEM Online.
